I. INTRODUCTION
Ionizing radiations affect installed electronics, limit equipment lifetimes and eventually alter materials both in space applications as well as high energy accelerators and physics experiments. In order to monitor radiation levels and predict equipment and material lifetimes, an accurate radiation dosimetry is highly important and very challenging often due to two main reasons: (i) large areas and (ii) extended dose range of interest.
In this respect a radiation sensor based on a distributed optical fiber sensing system could be a promising solution. Such sensor systems are immune to electromagnetic field interference, have a light weight and small size making them suitable for a large number of applications including possible future space missions. In addition, optical fiber sensors have reached a very high accuracy in measuring physical quantities as a function of distance very accurately with metre or sub-metre-scale spatial resolutions. Their distributed nature in fact, is particularly suitable for real-time monitoring of long distances as particles accelerator tunnels like the one of the Large Hadron Collider (LHC) or large space stations as the International Space Station (ISS) which, to the best of our knowledge, only holds punctual radiation sensors as passive radiation dosimeters (PRD) among many others.
The first step of the feasibility study of a distributed optical fiber radiation sensing system consists in characterizing and selecting the most suitable optical fiber which represents the sensing mean of the system. The effect of ionizing radiation on optical fibers has been well documented in literature and already several decades ago it was known that an irradiated fiber will suffer from radiation induced attenuation (RIA) [1] [2] . Depending on the fiber's type and composition the RIA shows varying response to total dose, dose rate, temperature, wavelength and light power. In the case of P-doped fibers, the radiation response is independent from the dose rate the fiber is exposed to, which makes it suitable for sensing a wide range of different radiation environments. Moreover, P-doped fibers have a low annealing behavior and their RIA doesn't show any strong temperature dependence for room temperature environments [3] . All the above mentioned parameters affecting the RIA are important in order to fully characterize fiber candidates to be used for dosimetry and will be detailed in the next section.
Based on the above considerations, in this paper we investigate the response to ionizing radiation of three different P-doped optical fibers which could be suitable candidates for the radiation sensing system. Two of the fibers were single mode (SM) and the RIA has been studied at 1312 nm and 1570 nm as a function of the total dose up to about 18 kGy and with a dose rate of 46.7 mGy/s in one case and almost 60 kGy at 153 mGy/s in the other. The third fiber which was a multimode (MM) one has been tested at 830 nm and 1312 nm and has been irradiated with dose rates ranging from 0.5 mGy/s up to almost 1.7 Gy/s reaching almost 60 kGy. The characterization of the three fibers has been carried out at Fraunhofer INT using a 60 Co source. Finally, distributed measurements have been carried out by means of an Optical Time Domain Reflectometer (OTDR) aiming for a first application test setup.
II. PARAMETERS AFFECTING RIA AND SENSOR REQUIREMENTS
Ionizing radiation degrades all the properties of an optical fiber. At a microscopic level the main radiationmatter interactions taking place are ionization processes and direct atomic displacement. In both cases free electron-hole pairs are created and bonds are broken. As a consequence, point defects or so-called "colour centers" are created giving rise to new energy levels located inside the band gap of the dielectric. These new absorption bands will therefore lead to an increased attenuation of the transmitted light in the fiber. At a macroscopic level this translates in what is called Radiation Induced Attenuation (RIA) which is a wavelength and time dependent effect. Other effects taking place are Radiation Induce Luminescence (RIL), Cerenkov emission and the change of refractive index [4] . However, as the RIA is the main limiting factor for radiation sensitive fibers, our focus was to understand the fibers' response in these terms.
One of the biggest challenges in estimating radiation levels by measuring the attenuation is that the RIA itself depends and is influenced by a large number of parameters. Some of these are related to the design or composition of the fiber itself, some affected by the irradiation conditions and others due to the optical launching conditions. A brief overview of some of the main parameters affecting the RIA is given in the following paragraph. The dopant which is present in the fiber's core and cladding regions may considerably alter the fiber's response to the ionizing radiation in terms of total dose, dose rate dependency, wavelength dependency and other parameters. Pure Silica core fibers for example, are known to be relatively resistant to radiation [5] . Unfortunately, they also have a strong dose rate dependency making them most likely unsuitable for radiation sensing in environments with altering conditions [6] .
If the core region is doped with Fluorine (F), fibers exhibit an enhanced resistance to dose allowing them to be irradiated up to 1 MGy and suffer only an RIA of about 10 dB/km, at the same time limiting their use as radiation sensing device [7] .
In the case of the Germanium (Ge) dopant which is commonly used in telecom fibers for adjusting the refractive index, the fiber is more sensitive to radiation with respect to pure silica for example, making it a possible candidate for radiation sensing [4] . Spectrally, the minimum of the RIA can be found around 1400 nm while very high values can be expected in the UV range. However, a dose rate dependency is generally observed increasing the uncertainty in the dose estimation. It is also worth mentioning Ge+P (Germanium + Phosphorous) fibers which may be more suitable for dosimetry thanks to the interesting characteristics of the P-dopant when irradiated as explained below [8] .
Finally, Phosphorous (P) doped or co-doped fibers are known to have several key features which make them particularly attractive for radiation sensing [9] [10] . Their response to the dose is linear over a very wide range from mGy up to a couple of kGy after which they generally start to saturate reaching saturation around 100 kGy. They are known to exhibit a dose rate independency which is of crucial importance when determining the dose based on the measurement of the RIA [11] . The annealing of P-doped fibers is low enabling an easy recovery of the dose information. The spectral analysis of such fibers indicates a minimum in the RIA around 1 µm -1.1 µm while their high sensitivity in the visible range makes them suitable for low dose monitoring [11] .
Other parameters may affect the RIA in a fiber as the dependency on the optical power launched in the fiber. In some cases, photobleaching may occur in which case the RIA tends to be lower for increasing optical powers [12] . Temperature may also affect the RIA depending on the composition of the fiber [13] .
Based on the above considerations, P-doped optical fibers seem to be the most suitable for radiation sensing. In fact, among the important qualifications a radiation sensor should fulfill, it should exhibit a linear increase of the RIA with the dose, should be dose rate and temperature independent, have a slow annealing in the sensing fiber and have a good reproducibility of its measurements [3] .
For our specific applications in high energy physics experiments and possibly in space missions, a fiber based dosimetry system should fulfill particular requirements reported in Table 1 . The experimental setup which we used for our measurements is a setup used at Fraunhofer INT to carry out the irradiation tests on the fibers and is depicted in Fig. 1 [14] . The measurement equipment is located in a shielded booth which is thermally stabilized at 23°C±0.1°C. Two fibers samples can be irradiated simultaneously, each of them coiled around an Aluminium spool of chosen radius and placed around the Gammamat TK1000 60 Co source of known radioactivity. The distance of the sample from the source, hence the spool diameter, determines the dose rate to which the fiber is exposed to.
From the optical point of view, both discrete light sources at 830 nm, 1312 nm and 1570 nm as well as a white light source were available for the characterization. A single sample would always be tested with two wavelengths at the same time, 830nm /1312 nm for the MMF and 1312 nm/1570 nm for the SM fibers. The output light power is monitored in order to check the optical stability of the complete system including light sources, the samples and the detectors, before the irradiation start. Once the setup's stability is verified the 60 Co source is pushed out of the shielding container and starts irradiating the samples. The light power is then recorded as a function of time both for the samples under test as well as for a reference fiber. In fact, in order to overcome any optical source drift during the test, the reference signal (in dB) is then subtracted from the tested fiber signal (in dB). By subtracting the initial power before the start of irradiation it is possible to calculate the attenuation. The resultant RIA is then divided by the optical fiber sample length so that the results may be given in dB per unit length. To minimize the effects of photobleaching, the launched light power was maintained relatively low, between 7 µW and 15 µW. Finally, given the dependency of RIA on wavelength, a spectral analysis has also been performed by means of a white light source and using a spectrometer as a detector.
Fig. 1. Experiemental Setup for optical fibers irradiation test using a
60 Co source
B. OTDR Setup
The experimental setup for the OTDR measurement was identical to the one shown in Fig. 1 except for the fact that both the source and the detector were the OTDR MTS6000 by JDSU itself. Fig. 2 shows a photo of the Gammamat TK1000 60 Co source and the optical fiber layout. Overall four parts of the fiber have been irradiated with respective lengths of about 40 cm, 72 cm, 128 cm and 240 cm. The OTDR measurements have been carried out at two different wavelengths, λ1=850 nm and λ2=1300 nm. The choice of the wavelengths is dictated by the fact that the two wavelengths need to be sufficiently spectrally separated to have different sensitivities with respect to dose, which is the case for λ1 and λ2 for propagation in Pdoped fibers [15] . By taking the ratio between the measurements it should be possible to get rid of systematics and make the sensing system more robust. It is worth noticing that the choice of the wavelengths was also dictated by which transmitting modules are available for OTDRs on the market. Finally, the choice of using a multimode fiber for the OTDR measurements was a consequence of using λ1=850 nm which is shorter than the multimode cutoff wavelength.
IV. RESULTS

A. Discrete and Spectral Measurements Multimode Fiber (MMF)
The radiation response of the fiber has then been studied by measuring the RIA as function of total absorbed dose at different dose rates. The measurements have been carried out for an optical wavelength launched in the Fig. 3 a) and Fig. 3 b) . The general response to dose is linear in double logarithmic scale up to a couple of kGy after which it starts to saturate. In particular, based on the first derivative of the curve corresponding to each dose rate value, the linear range has been calculated for different uncertainty margins. Table 2 shows the maximum dose values measured which have been measured in the linear range for the two different wavelengths. It is important to note that only for the irradiations at dose rates of 46.7 mGy/s, 153 mGy/s and 0.52 Gy/s we were able to reach saturation. It is therefore difficult to state to what extend the linear range depends on the dose rate. The sensitivity of the fiber was around a couple of mdB/m/Gy over the whole range of dose rates both at 830 nm and 1312 nm wavelengths.
From Fig. 3 a) and Fig. 3 b) it is also possible to observe a correlation between the dose rate and the RIA. At 1 kGy for example, the maximum difference in RIA is between the measurements carried out at 153 mGy/s and 1.69 Gy/s and results in almost a factor 2. As the relationship between the RIA and dose rate doesn't show a clear pattern the reason for this correlation may be in the measurement conditions. It might also depend on the particular composition of the fiber which is kept confidential by the manufacturer. Using the absolute value of the RIA to determine the dose is therefore unreliable as the uncertainty on the dose for a given RIA would be in the order of 30-40 %. However, for radiation monitoring applications both in space or high energy physics applications, determining the variation of the RIA would be sufficient and this can be reliably achieved if the slopes of the curves at different dose rates are comparable within certain limits, which for our purpose is about 20%. Therefore, the derivative of the linear part has been computed for each curve resulting in a maximum variation of the slope of around 15% both for the 830 nm and 1312 nm measurements which is therefore acceptable.
As mentioned previously, only in three cases were we able to reach saturation. The study of the non-linear part in double logarithmic scale before saturation is therefore less meaningful. However, the non-linear part of the curves which did saturate have been compared by interpolating one to the other and calculating the root mean square estimator finding an %RMSE ranging from 5-25%. It is therefore possible to use the non-linear part of the curves for estimating the RIA in the context of radiation monitoring but it has to be kept in mind that the uncertainty will be relatively high.
Single Mode Fibers (SMF)
For the study of the single mode fibers, two candidates have been considered: Sample A of unknown P-dopant concentration and Sample B with a 6.5 mol % phosphorous concentration which has been kindly provided by Alexey Faustov from the Belgian Nuclear Research Center (SCK-CEN) in Mol, who already characterized the fiber [16] . Sample A has been irradiated for 390000 s at a dose rate of Ḋ =46.7 mGy/s up to a little more than 18 kGy. The RIA as function of the total absorbed dose for λ1=1312 nm and λ2=1570 nm has been reported in double logarithmic scale in Fig. 4 a) .
The initial fluctuations are due to low statistics and therefore a low signal to noise ratio (SNR). It is interesting to notice that as expected from theory [15] , the longer wavelength is more sensitive than the shorter one. At 1312 nm, the linear range starts at several Grays up to around 700 Gy with a 5% uncertainty and reached around 1.2 kGy with a 20% uncertainty. For the 1570 nm wavelength, the range went from a couple of tens of Gy up to 850 Gy for the 5% uncertainty and up to 1.3 kGy with 20% uncertainty. The sensitivity of Sample A has been found to be of about 80 µdB/m/Gy at 1312 nm and around 175 µdB/m/Gy at 1570 nm.
Sample B has been irradiated for 390000 s at a dose rate of Ḋ=153 mGy/s up to almost 60 kGy trying to recreate similar test conditions as Faustov for a better comparison. The results of the irradiation for 1312 nm and 1570 nm launched wavelengths are shown in Fig.4 b) . In this case and at both wavelengths, the linear range went from a few tens of Gy up to around 850.
The sensitivity of Sample B is of about 3.5 mdB/m/Gy at 1312 nm and around 4.5 mdB/m/Gy at 1570 nm making it more sensitive than Sample A by almost a factor 44 at 1312 nm and by almost a factor 26 at 1570 nm. Interestingly, Sample B didn't reach saturation at 60 kGy which could make it an interesting candidate for the monitoring of higher doses.
The spectral measurements of both curves after having been irradiated up to around 18 kGy are shown if Fig. 5  a) and Fig. 5 b) . As can be seen, while Sample B has the typical spectral response of P-doped fibers [15] showing the minimum around 1µm and a peak around 1.55 µm, Sample A doesn't present the peak at 1.55 µm which can again be a consequence of its specific composition. the temperature by 50°C resulted in a more than 10% increase of its radiation sensitivity. Given this inverse temperature dependence the offset cannot be attributed to the temperature as we performed our measurements with 6°C less than Faustov. It is also important to note that the optical power launched in the fiber of around -19 dBm was very similar to the one used by Faustov. A further analysis is provided by the plots shown in Fig. 6 a) where the ratio between Faustov's measurement and ours is depicted and by Fig.6 b) where the ratio of the spectral data is reported. As can be seen from Fig. 6 a) , the ratio is quite constant around a value of 0.78 above 15-20 kGy while it isn't at the very beginning of irradiation because of the low statistics. The trend of the two curves is therefore very similar meaning that any dose rate dependency between the measurements can be excluded. Fig. 6 b) depicting the ratio of the spectral measurements also shows a nice match resulting in a quite constant value of the ratio especially between 1430-1630 nm. This indicates that the offset we had in the RIA shouldn't be attributed to the wavelength or any of the wavelength dependent effect as having a too tight bending radius of the spools. The most plausible reason for the observed RIA offset has to be attributed to a discrepancy in the irradiated sample length measurement between our two laboratories. In fact, as the RIA has been normalized over the sample length which was of only 0.1 m, even a small uncertainty on the length measurement may have considerably affected the RIA. In addition to this, 5-10% uncertainty on the dosimetry has to be considered. With these considerations in mind, the characterization of Sample B carried out at Fraunhofer INT matches well the one done by Faustov et al. at SCK-CEN.
B. OTDR Measurements
The measurements with the MTS6000 OTDR from JDSU have been carried out in combination with the MMF under test which had been spliced at around 80 m from the OTDR. As shown in Fig.2 , four parts of the fiber have been irradiated at 23 mGy/s for 13800 s up to a little more than 300 Gy. A zoom in the OTDR traces of the region of interest at the end of irradiation for λ1=850 nm and λ2=1300 nm are reported in Fig. 7 a) and Fig.7 b) . The OTDR sent optical pulses of 3 ns duration corresponding to a theoretical spatial resolution of 30 cm. Fig.7 . OTDR trace for a) λ1=850 nm and b) λ2=1300 nm for a total absorbed dose of about 300 Gy Both Fig.7 a) and Fig.7 b) clearly show the irradiated and shielded parts of the fiber. There is however a mismatch between the measured length of the irradiated parts and the theoretical ones which can be due to the limited spatial resolution for the first two parts (40 cm and 72 cm) and to noise in the traces which does not allow to clearly estimate these lengths. The uncertainty on the length which ranges from 5%-20% will therefore directly affect the RIA calculation and consequently the dose estimation. By estimating the slopes of the steps corresponding to the irradiated parts of the fiber through linear fits, it was possible to calculate the RIA in those sections. We concentrated on the last two irradiated sections which had a lower uncertainty on the length. For the measurement at 850 nm the RIA was found to range between 0.8 and 1 dB/m which based on the results of the characterization presented in Fig. 3 a) , corresponds to a total absorbed dose of around 200 Gy. The expected RIA corresponding to 300 Gy would have been around 1.3 dB/m and our uncertainty was therefore of around 30%. At 1300 nm and based on the previous characterization presented in Fig. 3 b) , the expect RIA would have been around 0.3 dB/m while we calculated a RIA around 0.25 dB/m corresponding to about 270 Gy and resulting in a 10% uncertainty.
Considering an additional 10% uncertainty in the dose rate estimation, the obtained results are promising for further investigations of distributed optical fiber radiation monitoring which will be possible in a new mixed field irradiation facility at CERN as detailed in the next section.
V. FUTURE MEASUREMENTS AT THE CHARM FACILITY
A new mixed field irradiation facility called "CERN High energy AcceleRator Mixed field" (CHARM) is being constructed at CERN and will be operational as from September 2014. It will be possible to use this facility not only to test electronics, optics and photonics equipment to be installed within particle accelerators, but also to test devices and systems to be used for space, atmospheric and ground level applications. The variety of particle energy spectra present within the facility will be indeed representative of several radiation environments allowing large acceleration factors up to around 10 9 . It will be possible to modify remotely the configuration of the facility to the desired shielding and target configuration according to the needs in terms of particle spectra and intensity. Its use will be unique as it will serve to evaluate radiation sensitivity of electronic and photonic equipment for a large variety of applications addressed to a wide community [17] . As it can be seen from Fig. 8 (a) , the target chamber is large enough to host bulky and complete systems (e.g. satellites) since around 70 m 3 of space will be available for radiation tests. The path which has been chosen for testing the fibers will ensure the fiber to be irradiated at different dose rates and to reach a great variety of total accumulated doses with dose rates ranging from a few µGy/s up to a few tenth of Gy/s while the facility allows to reach tens of Gy/s. A selection of at least 8 different fibers both SMF and MMF of different composition and dopants has already been made for the first measurement campaign which will take place in the fall of 2014.
VI. CONCLUSIONS
In this paper we presented the results from a measurement campaign at Fraunhofer INT which aimed at characterizing one P-doped MM fiber and two P-doped SM fibers which could be suitable for designing a distributed optical fiber radiation sensor. The MM fiber showed a linear behavior up to around 2 kGy and a spectral response in accordance to what we could expect from theory. A moderate dose rate dependency has been observed and thus an alternative way of estimating the dose has been suggested. In fact, as for radiation monitoring applications in high energy experiments estimating the RIA variation is sufficient to correlate to the dose variation, computing the slope of the curves is sufficient and is a reliable technique if the slopes of different curves are comparable as was the case for this MMF with an uncertainty of 15%. This MM fiber is therefore a valid candidate for optical fiber dosimetry although with a too low dynamic range for our purposes as we target to monitor dose levels up to 100 kGy.
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The SMF Sample A of unknown P-dopant concentration showed a linear behavior up to around 1 kGy and a sensitivity of about 80 µdB/m/Gy and 175 µdB/m/Gy at 1312 nm and 1570 nm respectively. The dose rate dependency has not been studied but due to the small dynamic range also SMF Sample A would not be suitable for radiation monitoring of higher doses.
SMF Sample B containing 6.5 mol% of P-dopant was the fiber with highest sensitivity to the absorbed dose with values of 3.5 mdB/m/Gy at 1312 nm and 4.5 mdB/m/Gy at 1570nm. In this case also the linear range in double logarithmic scale was quite low only reaching 850 Gy. The fiber however, didn't saturate at the maximum value of total absorbed dose of about 60 kGy which was reached in this campaign. Further investigation of the saturation point would be interesting as Sample B could be indicated for high doses monitoring once the dose rate dependency would also have been studied. The fiber which had already been characterized at SCK-CEN, showed a good reproducibility as a good match was found with the physics described by our measurements at Fraunhofer INT. The offset present between the two characterizations is most probably due to uncertainties in the measurement of the irradiated samples length as other reasons have been excluded.
Finally, the distributed measurements carried out with an OTDR allowed to correctly localize the irradiated and shielded parts of the fiber although with an uncertainty ranging from 5 to 20% due to noise and a limited spatial resolution. The dose estimation resulted in a good match with the theoretical expectations as an uncertainty ranging from 10% to 30% was found. These first results are relatively promising for further studies of the feasibility of a distributed optical fiber radiation monitoring system. Further distributed measurements will be carried out at the new mixed field facility CHARM where the characterization of different kind of fibers will be possible with dose rates ranging from a few µGy/s up to a few tens of Gy/s also suitable for space applications.
